The E7 open reading frame of human papillomavirus type 16 (HPV-16) encodes a protein that can immortalize primary rat cells, cooperate with the ras oncoprotein to transform low passage rat cells and transform established rodent cells to anchorage independence. The immortalizing and cooperation functions have been investigated using a series of point mutations that introduce single amino acid changes into the E7 protein in two distinct regions. Certain mutations altering amino acids conserved between the E7 protein of genital HPV types, the adenovirus Ela protein and simian virus 40 large T antigen abolished the ability of the E7 protein to immortalize or cooperate with ras in a focus forming assay. Mutations in a consensus sequence for a casein kinase II recognition site, which is also shared by Ela and large T, reduced immortalizing activity, but did not affect the ability to cooperate with ras. Single mutations disrupting cysteine motifs, which form putative zinc-binding sites in the second region, reduced the activity of the E7 protein, whereas double mutants, in which neither of the cysteine motifs remained intact, showed no or very low activity. The activity of the mutants in immortalization and cooperation assays was essentially the same as their transforming activities in NIH 3T3 ceils. This indicates that these three functions of E7 map to overlapping domains which cannot be separated by these mutations in the region of E l a/large T homology or the cysteine motifs.
Papillomaviruses cause benign lesions or warts in many vertebrates, including man (Lancaster & Olson, 1982; Pfister, 1984) . Certain papillomavirus types have also been strongly associated with malignant conversion. To date, 57 distinct types of human papillomaviruses (HPVs) have been isolated (E.-M. de Villiers, personal communication), of which a number are associated with carcinomas of the genital mucosa (zur Hausen, 1989) , with HPV-16 being the type most frequently found associated with cervical cancer (Dfirst et al., 1983; Gissmann et al., 1984) .
Activities of viral and cellular oncogenes are generally assayed by their ability to immortalize primary cells or to transform established cell lines. These two activities are clearly different, since some oncogenes can be classified as either immortalizing or transforming genes and members of these two groups can cooperate to transform primary cells fully (Land et al., 1983) . However, in vitro studies have shown that the E7 open reading frame of HPV-16 DNA exhibits both transforming and immortalizing activities. Immortalization has been assayed both by the ability of E7 sequences to extend the life span of primary rat brain cells (Kanda et al., 1988) and to substitute functionally for the simian virus 40 (SV40) large T antigen (LT) in a rat embryo fibroblast (REF) cell line that expresses temperature-sensitive LT (Vousden & Jat, 1989) . This cell line, named tsal4, is temperaturesensitive for growth. At the non-permissive temperature (39.5°C) the parental cells senesce, due to rapid degradation of the LT antigen. However, cells expressing E7 continue to divide at 39.5 °C, indicating that E7 expression can complement the growth defect in these cells. HPV-16 E7 also cooperates with activated ras to transform primary rat cells fully (Phelps et al., 1988; Storey et al., 1988) and can cooperate with fos to transform baby mouse kidney cells (Crook et al., 1988) . In addition to it~ immortalizing functions, E7 can transform established cells such as NIH 3T3 to anchorage-independent growth, although distinct morphological transformation is not apparent (Vousden et al., 1988) . In addition to the biological activities a number of biochemical properties of E7 proteins have also been elucidated. The HPV-16 E7 protein is phosphorylated at serine residues (Smotkin & Wettstein, 1987) and E7 from HPV-18 and bovine papillomavirus type 1 have recently been shown to bind zinc in vitro (Barbosa et al., 1989) . The HPV-16 E7 protein is also able to form a complex with the product of the retinoblastoma gene (RB) ( et al., 1989), a property shared by the SV40 LT and adenovirus (Ad) Ela proteins (De Caprio et al., 1988; Whyte etal., 1988) . In this study we have investigated the regions of E7 that are important for its immortalizing properties by testing a number of E7 mutants in immortalizing assays. The results show that regions of the protein previously mapped as important for transforming activity are also necessary for the immortalizing and cooperation functions, indicating that these three functions overlap within the protein. Fig. 1 shows the amino acid sequence of HPV-16 E7 and the mutations tested. The region of homology with SV40 LT and conserved domain 2 of Ad Ela are indicated, as are the Cys-X-X-Cys motifs, which are absolutely conserved in all E7 proteins so far sequenced (Cole & Danos, 1987) . The region of homology with Ela and LT is important for transformation by Ela and LT and participates in binding of LT and Ela proteins to RB (De Caprio et al., 1988; Moran, 1988) . This region also contains a recognition sequence for casein kinase II (Moran et al., 1986) . The two cysteine motifs may be involved in zinc binding, although they do not correspond to the typical conformation of zinc fingers (Evans & Hollenberg, 1988) . These two regions within the E7 protein were selected for mutagenic analysis (Edmonds & Vousden, 1989) . Single or double amino acid substitutions were made in the region of Ela/LT homology essential for Ela or LT transforming activity (p24GLY, p26GLY) and positions within a potential casein kinase II recognition sequence (p31ARG, p35/36ASP/HIS). Mutations that interrupt the cysteine motifs in the carboxy-terminal third of the E7 protein were also studied. These included p58GLY and p91GLY, in which only one cysteine was substituted and p88END, in which premature termination removed the second motif. Double mutations in which both cysteine motifs were disrupted were also assayed (p58 + 88GLY+ END and p58 + 91GLY + GLY).
Previous studies (Edmonds & Vousden, 1989) to assay the transforming activity of these mutants have been performed in mouse NIH 3T3 cells (an immortal cell line). We have now used the E7 mutants to localize immortalizing activities within the E7 protein, assaying their effects on tsal4 cells and REFs. An HPV-16 subgenomic fragment, which contained only intact E7 sequences, was cloned into pUC19 under the control of the Moloney murine leukaemia virus long terminal repeat and point mutations were introduced into the E7 sequences as previously described (Edmonds & Vousden, 1989) . The numerical designation of each mutant refers to the position in the E7 protein of the altered amino acid (Fig. 1) . Transfection by the calcium phosphate coprecipitation method was used to introduce the E7 sequences into tsal4 cells at the permissive temperature (Vousden & Jat, 1989) and REFs (Chesters & McCance, 1989) . In each case the E7 constructs (10 ~tg) were cotransfected Tables 2 and 3 . G418 selection was used in addition to the focus assay to estimate transformation, since previous work with REF cells using HPV-16 and HPV-6 DNA in cooperation with ras has shown that some DNA constructions that did not cooperate with ras in focus assays still showed significant cooperation following G418 selection (Chesters & McCance, 1989 Wild-type E7 sequences complemented the growth defect of tsal4 cells (Table 1 ) and cooperated with ras to transform REF cells (Tables 2 and 3 ). Negative control transfections of tsal4 cells using a construct containing no HPV-16 sequences (pMo) gave a low background level of rescue, as seen previously (Vousden & Jat, 1989) . REFs transfected with pE7 only, or ras sequences alone, developed no foci of transformed cells, indicating that a cooperation between these two gene products was necessary for transformation (Tables 2 and 3) . As previously demonstrated (Land et al., 1983) , ras sequences cooperate very efficiently with myc sequences expressed from a long terminal repeat (LTR) to transform REFs (Tables 2 and 3 ). However, it has been demonstrated previously that myc is unable to rescue tsal4 cells from senescence (Jat & Sharp, 1989) , indicating that a different activity is being measured in these two assays.
Two of the mutants in the region of E 1 a/LT homology (p24GLY and p26GLY) were unable to rescue tsal4 cells or cooperate with ras. The analogous positions in Ela and LT are also critical for the immortalizing function of these proteins (Kalderon & Smith, 1984; Lillie et al., 1986; Moran et al., 1986) and previous studies have shown that these E7 mutants were negative for transformation of the established mouse cell line NIH 3T3. It has not been possible to show that the E7 protein encoded by these mutants is made in tsal4 cells at the non-permissive temperature, or in REF cells, because the cells senesce or die. However, it has been shown (Edmonds & Vousden, 1989 ) that p24GLY encodes a stable E7 protein, although p26GLY encodes a protein which is turned over more rapidly. This may partly account for the lack of biological activity of p26GLY.
Mutants p31ARG and p35/36ASP/HIS are also in the region of Ela/LT homology, at a stretch of amino acids that constitute a potential recognition site for casein kinase II. These mutants were functional in both assays, they had a similar activity to pE7 for cooperation with ras, but were less effective in rescuing tsal4 cells compared to the pE7. In particular the p31ARG mutation showed a reduction in activity in the tsal4 assay (Table 1) . These activities were similar to the transforming activities previously identified in NIH 3T3 cells, where p35/36ASP/HIS showed wild-type activity, but p31ARG was slightly reduced. It has previously been shown that these mutants encode stable E7 protein present in transfected cells at levels comparable to pE7 (Edmonds & Vousden, 1989) .
Mutations in the Cys-X-X-Cys motifs in the carboxyterminal region of the protein (p58GLY, p88END and p91GLY) disrupted activity in both tsal4 and focus assays. Double mutants in which both motifs are interrupted (p58 + 88GLY + END and p58 + 91GLY+ GLY) showed no significant activity in the tsal4 assay and one of these double mutants (p58 + 91GLY+ GLY) also showed no focus formation in cooperation with ras. However, REF cells selected with G418 showed low levels of transforming activity with this double mutant, although this was much reduced when compared to the two single cysteine mutants in this assay. The double cysteine mutants have also been shown to retain a low level of transforming activity in NIH 3T3 cells (Edmonds & Vousden, 1989) . A point mutation in this region affecting an amino acid not conserved between the HPV types and not affecting a cysteine residue (p50SER) had no appreciable effect on focus formation, or on transformation of G418-selected cells in cooperation with ras (Tables 2 and 3) .
The results indicate that amino acids within the region of E 1 a/LT homology that are essential to the biological activity of Ela and LT are also necessary for immortalization by E7. This region in Ela and LT is known to participate in the binding of the retinoblastoma gene product (RB) and the cysteine and glutamic acid mutations in Ela and LT analogous to p24GLY and p26GLY abolish RB binding in Ela and LT (De Caprio et al., 1988; Moran, 1988) . HPV-16 E7 has also recently been shown to form a complex with RB (Dyson et al., 1989) and we are currently assessing the ability of these mutant E7 proteins to bind RB. Mutations in the potential casein kinase II recognition sequence within the region of E 1 a/LT homology do not affect cooperation with ras, but have a reduced immortalizing activity, as measured by the ability to rescue tsal4 cells from senescence at the non-permissive temperature. It is possible that phosphorylation mediated via this casein kinase II recognition sequence is required for efficient immortalizing activity of E7 in this assay, although cooperation with ras does not seem to be as sensitive to a potential reduction in phosphorylation.
Another important function of the protein is carried out by the C-terminal part of the polypeptide, associated with the Cys-X-X-Cys motifs. Interruption of one of these motifs reduced both cooperation with ras and rescue of tsal4 cells. Disruption of both cysteine motifs in the double mutants severely reduced or eliminated immortalizing activity. It is possible that the double mutants do retain some low level of activity in the tsal4 system (Table 1) , but the background level of spontaneous colonies growing at the non-permissive temperature makes these subtle differences difficult to interpret. These cysteine motifs are possibly involved in zinc binding of E7. Zinc binding to a small protein like E7 would clearly have a large effect on the protein structure and might affect protein-protein interactions. Recent studies have demonstrated that the HPV-18 E7 protein can bind zinc ions in vitro (Barbosa et al., 1989) and zinc binding may be important for the immortalizing activity of the protein.
There is now experimental evidence that E7 can cooperate with ras (a cell membrane protein thought to act during signal transduction) andfos (a nuclear protein with a role in transcriptional control) to transform primary rodent cells. Alone, E7 can immortalize primary rat cells, functionally substitute for SV40 LT and transform established rodent fibroblasts. The biological activities of the mutants described in this paper show that the functions of immortalization, cooperation and transformation can all be decreased or eliminated by the same single amino acid substitition. None of the mutants tested here was clearly functional in one assay but not in another, although the activities of the mutants in the potential casein kinase II recognition sequences suggested that immortalization may be more dependent on the integrity of these sequences than cooperation with ras. The existence of such closely overlapping functional domains of E7 is perhaps not surprising considering the small size of the protein. The Ad E la protein has immortalizing, cooperating and transforming functions and, although they are also overlapping, specific mutations can separate these activities. A mutant in Ela has been identified which is positive for transformation in established rat ceils, but cannot immortalize primary rat cells (Smith & Ziff, 1988) . Another mutation can separate immortalization and cooperation functions of Ela (Kuppuswamy et al., 1988) . However, these mutations in Ela are not in the region of homology with E7 described in this study, but in the first conserved domain of E 1 a, which also shows limited homology to E7 (Dyson et al., 1989) . It is therefore possible that more extensive mutagenic analysis of E7 will be able to distinguish the different functional domains of this protein.
